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Abstract
Themis is an old and statistically robust asteroid family populating the outer main belt, and
resulting from a catastrophic collision that took place 2.5±1.0 Gyr ago. Within the old Themis
family a young sub-family, Beagle, formed less than 10 Myr ago, has been identified.
We present the results of a spectroscopic survey in the visible and near infrared range of 22
Themis and 8 Beagle families members. The Themis members investigated exhibit a wide
range of spectral behaviors, including asteroids with blue/neutral and moderately red spectra,
while the younger Beagle family members look spectrally bluer than the Themis ones and they
have a much smaller spectral slope variability. Four Themis members, including (24) Themis,
have absorption bands centered at 0.68-0.73 µm indicating the presence of aqueously altered
minerals.
The best meteorite spectral analogues found for both Themis and Beagle families members are
carbonaceous chondrites having experienced different degrees of aqueous alteration, prevalently
CM2 but also CV3 and CI, and some of them are chondrite samples being unusual or heated.
The presence of aqueous altered materials on the asteroids surfaces and the meteorite matches
indicate that the parent body of the Themis family experienced mild thermal metamorphism in
the past.
We extended the spectral analysis including the data available in the literature on Themis and
Beagle families members, and we looked for correlations between spectral behavior and phys-
ical parameters using the albedo and size values derived from the WISE data. The analysis of
this larger sample confirm the spectral diversity within the Themis family and that Beagle mem-
bers tend to be bluer and to have an higher albedo. The differences between the two family may
be partially explained by space weathering processes, which act on these primitive surfaces in a
similar way than on S-type asteroids, i.e. producing reddening and darkening. However we see
several Themis members having albedos and spectral slopes similar to the young Beagle mem-
bers. Alternative scenarios are proposed including heterogeneity in the parent body having a
compositional gradient with depth, and/or the survival of projectile fragments having a different
composition than the parent body.
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1. Introduction
Themis is one of the most statistically reliable families in the asteroid belt.
First discovered by Hirayama (1918), it has been identified as a family in all sub-
sequent works, and it has 550 members according to Zappala´ et al. (1995), and
more than 5000 members as determined by Nesvorny (2012). The Themis family
is characterized by asteroids with 3.05 ≤ a ≤ 3.22 AU, 0.12 ≤ e ≤ 0.19, in low
inclination orbit 0.7o ≤ i ≤ 2.22o (Zappala´ et al. 1990). It is spectrally dominated
by primitive C- and B-type asteroids, as reported by spectroscopic investigation
of several members (Mothe´-Diniz et al. 2005; Florczak et al. 1999; de Leon et al.
2012; Kaluna et al., 2016). The family is old with an estimated age of ∼ 2.5±1.0
Gyr (Brozˇ et al. 2013), and it was formed from a large-scale catastrophic disrup-
tion of a ∼ 270 km (Brozˇ et al. 2013) or a ∼ 400 km sized parent body (Marzari
et al. 1995; Durda et al. 2007). Nesvorny et al. (2008) confirmed that this family
is quite old and formed more than 1 Gyr ago.
Interestingly, Rivkin & Emery (2010) and Campins et al. (2010) found spectro-
scopic evidence of the presence of water ice and organics on (24) Themis. Rivkin
and Emery (2010) concluded that its surface contains very fine water frost, prob-
ably in the form of surface grain coatings, and that the infrared spectral signa-
tures can be fully explained by a mixture of spectrally neutral material, water
ice, and organics. At the same time, Campins et al. (2010) suggested that wa-
ter ice is evenly distributed over the entire Themis surface using spectra obtained
at four different rotational phases. Nevertheless the nature of the 3.1 µm feature
on (24) Themis is still a matter of debate, and Beck et al. (2011) proposed the
hydrated iron oxide goethite as alternative interpretation of this feature, even if
Jewitt & Guilbert-Lepoutre (2012) stress that goethite, when found in meteorites,
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is a product of aqueous alteration in the terrestrial environment and that extrater-
restrial goethite in freshly fallen meteorites has not been detected.
Absorption bands in the visible region related to hydrated silicates have been de-
tected on the surface of several Themis family members (Florczak et al. 1999).
These materials are produced by the aqueous alteration process, that is a low tem-
perature (< 320 K) chemical alteration of materials by liquid water (Vilas & Sykes,
1996). The presence of hydrated minerals implies that liquid water was present
on these asteroids in the past, and suggests that post-formation heating took place.
The main belt comets 133P/Elst-Pizarro, 176P/LINEAR, 288P/(300163) 2006
VW139, and possibly 238P/Read may be related to the Themis family (Nesvorny
et al. 2008; Hsieh et al. 2006, 2009, 2012; Haghighipour 2009) because of orbital
proximity and spectral properties analogies. According to Licandro et al. (2011,
2013) works, the visible spectra of the main belt comets 133P, 176P, and 288P
are compatible with those of Themis and Beagle families members. In particular
Nesvorny et al. (2008) propose that 133P could potentially be one member of the
Beagle sub-family within the Themis group. This sub-family is a young cluster
with an estimates age < 10 Myr (Nesvorny et al. 2008).
The detection of water ice on asteroid (24) Themis, of hydrated silicates on
several Themis members and the spectral and dynamical link between the Themis
family and some main belt comets all indicate that Themis family is an important
reservoir of water in the outer main belt. These discoveries support the sugges-
tion that at least some of Earth’s current supply of water was delivered by asteroids
some time following the collision that produced the Moon (Morbidelli et al. 2000,
Lunine 2006).
With this paper we investigate both regular Themis family members (22) and
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younger ones (8), belonging to the Beagle sub-family, aiming to constrain their
surface composition, to establish spectral links with meteorites, and to investi-
gate potential space weathering effects and spectral variability between the two
families members.
2. Observations and data reduction
Spectroscopic observations in the visible and near infrared range of Themis
and Beagle families members were made at the 3.56 m Italian Telescopio Nazionale
Galileo (TNG) of the European Northern Observatory (ENO) in la Palma, Spain,
in two runs, on 16-20 February and 16-18 December 2012. For visible spec-
troscopy we used the Dolores (Device Optimized for the LOw RESolution) in-
strument equipped with the low resolution red (LRR) and blue (LRB) grisms. The
LRR grism covers the 0.52–0.95 µm range with a spectral dispersion of 2.9 Å/px,
while the LRB grism covers the 0.38-0.80 µm range with a spectral dispersion
of 2.8 Å/px. The Dolores detector is a 2048 × 2048 pixels Loral thinned and
back-illuminated CCD, having a pixel size of 15 µm and a pixel scale of 0.275
arcsec/px. The red and blue spectra in the visible range were separately reduced
and finally combined together to obtain spectral coverage from 0.38 to 0.95 µm.
Like most of the Loral CCDs, the Dolores chip is affected by moderate-to-strong
fringing at red wavelengths. Despite taking as much care as possible in the data re-
duction process, some asteroid spectra acquired with the LRR grism show residual
fringing that impedes identification of absorption bands and an accurate analysis
in the 0.81-0.95 µm range when NICS observations are not available.
For the infrared spectroscopic investigation we used the near infrared camera and
spectrometer (NICS) equipped with an Amici prism disperser. This equipment
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covers the 0.78–2.40 µm range during a single exposure with a spectral resolution
of about 35 (Baffa et al. 2001). The detector is a 1024 × 1024 pixel Rockwell
HgCdTe Hawaii array. The spectra were acquired nodding the object along the
spatial direction of the slit, in order to obtain alternating pairs (named A and B)
of near–simultaneous images for the background removal. For both the visible
and near infrared observations we utilized a 2 arcsec wide slit, oriented along the
parallactic angle to minimize the effect of atmospheric differential refraction.
Visible and near-infrared spectra were reduced using ordinary procedures of
data reduction with the software packages Midas as described in Fornasier et al.
(2004, 2008). For the visible spectra, the procedure includes the subtraction of
the bias from the raw data, flat–field correction, cosmic ray removal, sky sub-
traction, collapsing the two–dimensional spectra to one dimension, wavelength
calibration, and atmospheric extinction correction, using La Palma atmospheric
extinction coefficients. The spectra were normalized at 5500 Å. The reflectivity
of each asteroid was obtained by dividing its spectrum by that of the solar analog
star closest in time and airmass to the object. Spectra were finally smoothed with
a median filter technique, using a box of 19 pixels in the spectral direction for
each point of the spectrum. The threshold was set to 0.1, meaning that the orig-
inal value was replaced by the median value if the median value differs by more
than 10% from the original one.
For observations in the infrared range, spectra were first corrected for flat field-
ing, then bias and sky subtraction was performed by producing A-B and B-A
frames. The positive spectrum of the B-A frame was shifted and added to the pos-
itive spectrum of the A-B frame. The final spectrum is the result of the mean of all
pairs of frames previously combined. The spectrum was extracted and wavelength
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calibrated. Due to the very low resolution of the Amici prism, the lines of Ar/Xe
lamps are blended and cannot be easily used for standard reduction procedures.
For this reason, the wavelength calibration was obtained using a look-up table
which is based on the theoretical dispersion predicted by ray-tracing and adjusted
to best fit the observed spectra of calibration sources. Finally, the extinction cor-
rection and solar removal was obtained by division of each asteroid spectrum by
that of the solar analog star closest in time and airmass to the object. The stellar
and asteroid spectra were cross-correlated and, if necessary, sub-pixel shifts were
made before the asteroid-ratio star division was done.
The infrared and visible spectral ranges of each asteroid were finally combined
by overlapping the spectra, merging the two wavelength regions at the common
wavelengths and utilizing the zone of good atmospheric transmission to find the
normalization factor between the two spectral parts. The overlapping region goes
from about 0.78-0.92 µm. For most of the data we took the average value in
reflectance of the visible spectrum in the 0.89–0.91 µm region to normalize the
reflectance of the infrared spectrum. For the spectra where LRR grism data were
not available or present but with strong fringing problems, we joint the visible and
NIR data using the mean reflectance value of the visible spectrum in the 0.79-0.81
µm region.
Asteroids having both visible and NIR data or only visible spectra were finally
all normalized in relative reflectance at 1 at the wavelength 0.55 µm, while
those observed only in the NIR region were normalized at 1.25 µm. Details on
the observing conditions are reported in Table 1, and the spectra of the observed
asteroids are shown in Figs. 1-4.
[Here Figs 1, 2, 3, 4]
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[Here Table 1]
3. Results
[Here Table 2 and Figure 5]
We present new spectra of 8 Beagle and 22 Themis families members. Most
of the asteroids were observed in the V+NIR range, except for some targets for
which we did not get the visible spectra (objects 621, 954, 1778, 2009, and 2203;
for asteroids 621 and 954 we complete our data with the visible spectra from the
S 3S 02 survey (Lazzaro et al. 2004)), or the NIR ones (62, 383, 268, 526, 1247,
and 2228; for objects 62 and 383 we got the IR spectra from Clark et al. (2010)).
The observed asteroids and their proper elements are reported in Table 2.
The members of each family were derived from the family lists from analytic
proper elements (Nesvorny et al. 2012). A hierarchical clustering method has
been applied to the asteroids proper elements to identify the dynamical families
(Nesvorny et al., 2008). Themis is an old and huge family with 5425 members
identified at a cutoff velocity of 60 m/s (Nesvorny et al. 2012). Beagle is a young
smaller cluster within Themis, having 149 members at a cutoff velocity of 20 m/s,
and an estimated age < 10Myr (Nesvorny et al. 2008, 2012). The cutoff velocity
is related to the relative velocity of the fragments as they were ejected from the
sphere of influence of the parent body, and lower values implies a higher statistical
significance of the family. This means that the Beagle family is very robust.
All the objects investigated belong to the C or B spectral types, following
the Tholen (1984) classification scheme. The majority of the spectra are feature-
less, and in particular none of the investigated spectra show water ice absorption
bands at 1.5 and 2 micron. A few Themis members ((24) Themis, (90) Antiope,
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(461) Saskia, and (846) Lipperta) show weak spectral absorption features in the
visible range associated with hydrated minerals (Table 3, and Fig. 5), indicating
that they have experienced the aqueous alteration process, as already found for
other Themis family members (Florczak et al. 1999). We considered only the ab-
sorption features deeper than the peak-to-peak scatter (that is depth > 0.8%) in the
spectrum, and we characterized them following the method described in Fornasier
et al. (1999, 2014). This method includes first a smoothing of the spectra using a
box of 6 pixels in the spectral direction, then the evaluation of the linear contin-
uum at the edges of the band identified, the division of the original spectrum by
the continuum, and the fitting of the absorption band with a polynomial of order
2–4. The band center was then calculated as the position where the minimum of
the spectral reflectance curve occurs (on the polynomial fit), and the band depth as
the minimum of the polynomial fit. The main absorption band identified is the one
centered in the 0.68-0.73 µm region which is attributed to Fe2+ → Fe3+ charge
transfer absorptions in phyllosilicate minerals (Vilas & Gaffey 1989; Vilas et al.
1993). This band is often associated with an evident UV absorption below ∼ 0.5
µm, due to a strong ferric oxide intervalence charge transfer transition (IVCT) in
oxidized iron, and is often coupled with other visible absorption features related
to the presence of aqueous alteration products (e.g. phyllosilicates, oxides, etc)
(Vilas et al. 1994). We see the UV drop-off in reflectivity in most of the aster-
oids observed with the LRB grism, that is on Themis members (24) Themis, (268)
Adorea, (461) Saskia, (492) Gismonda, (526) Jena, (1623) Vivian, (222) Lermon-
tov, (2228) Soyuz-Apollo, (2270) Yazhi, and on Beagle members (656) Beagle,
(1687) Glarona, (2519) Annagerman, (3174) Alcock, and (4903) Ichikawa, but
not on (90) Antiope and (846) Lipperta, that have a faint absorption centered at ∼
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0.7 µm. These IVCTs comprise multiple absorptions that are not uniquely indica-
tive of phyllosilicates, but are present in the spectrum of any object containing
Fe2+ and Fe3+ in its surface material (Vilas 1994). Thus, even if most of these
spectra are featureless in the VIS-NIR range, their UV drop-off in reflectivity may
indicate the presence of phillosilicates (Vilas 1994).
Saskia also shows two absorption features in the NIR region centered at about
1.32 µm and 1.82 µm, as determined by a 4th order polynomial fit to the absorp-
tion bands. However, the center of these bands fall in the region of very low
atmosphere transmission so their center position cannot be precise and their iden-
tification needs to be confirmed by other observations. If real, these absorptions
look similar to those found on some hydrous Fe-bearing hydrated silicates (Bishop
& Pieters 1995), thus potentially associated to the presence of hydrated minerals.
The continuum removed spectra of asteroids showing faint absorption features are
shown in Fig. 5.
We identified features associated to hydrated silicates only on Themis members.
Thus only 18% of the 22 Themis members investigated show evidence of aqueous
alteration in the visible and near infrared ranges. Recently Kaluna et al. (2016)
investigated a sample of 22 Themis and 23 Beagle members. The asteroids they
observed are all different from those of our survey, and they are all smaller than
15 km. Interestingly their analysis also indicates a lack of the 0.7 µm features in
the observed asteroids, with only one Beagle member having that absorption. It
must be noted that the absence of the 0.7 µm feature does not necessarily imply
a lack of aqueous alteration, considering that this absorption is much fainter than
the main absorption feature associated to hydrated minerals and centered at 3 µm
(Lebofsky 1980; Jones et al. 1990), and that not all the aqueous altered CM/CI
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meteorites show this feature (McAdam et al. 2015). Considering the results of
other surveys, Florczak et al. (1999) found absorption bands associated to hy-
drated silicates in 15 out of 36 Themis members observed in the visible range,
while Fornasier et al. (2014, Table 4), observed the ∼ 0.7 µm band only on 8 out
of 47 Themis members spectra.
Two out of the three Themis members observed by Licandro et al. (2011) are in
common with our observations: (62) Erato and (383) Janina. For (62) Erato Li-
candro et al. found a slope value (-2±1 %/(1000Å) similar to the one we found
(Table 2), while the Janina spectrum is quite different, having a positive visible
slope in our data and a negative one in both Licandro et al. (2011) and Bus &
Binzel (2003) observations. Additional data covering different rotational phases
are needed to cast light on potential surface heterogeneities of this asteroid.
[Here Table 3]
3.1. (24) Themis: surface heterogeneities
[Here FIGURE 6]
(24) Themis is a big asteroid with a diameter of 218±1 km and a low albedo
value of 6±1% (Hargrove et al. 2015). We observed (24) Themis three times
in the visible range and once in the NIR range during the December 2012 run,
finding some spectral variability (Fig. 6). Unfortunately all the LRR spectra of
(24) Themis suffered of strong fringing problems, and they have a very bad S/N
ratio in the 0.8-0.95 µm. We thus complete the 18 and 19 Decem LRB obser-
vations with the available NICS spectrum, that has a better S/N ratio in 0.8-0.95
µm range than the LRR data. The spectra acquired on 18 Dec. have a negative
slope in the visible range and no hints of absorption bands, while the one taken
on 19 Dec. shows an absorption band centered at ∼ 7333±48Å, having a depth of
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2.6%, attributed to hydrated silicates. The data also indicate a clear UV-drop-off
of the reflectance for wavelength < 0.5 µm for the observations acquired on 18
Dec. UT 22 and 19 Dec. Assuming a rotational period of 8.37677±0.00002 h
(Higley, 2008) and taking the LRB spectrum of 18 Dec. UT 02:16 as reference
for the rotational phase, then the second and third LRB spectra of (24) Themis
fall at rotational phases of 0.3020 and 0.7278, respectively. We thus covered dif-
ferent rotational phases and the observed spectral differences may be related to
surface heterogeneities on (24) Themis. This conclusion is supported also by the
comparison with (24) Themis spectra available in the literature (Fig. 6), taken
from Fornasier et al. (1999), Bus& Binzel (2002), and Lazzaro et al. (2004).
In particular Fornasier et al. (1999) reported an absorption feature attributed to
hydrated silicates, similar to the one found in this paper but centered at a shorter
wavelength (6722±39 Å), with a depth of 3.5% compared to the continuum, while
the other literature spectra are featureless except for the potential presence of the
UV-drop-ff in reflectivity.
(24) Themis shows strong evidence of surface water ice (Campins et al. 2010;
Rivkin et al. 2010), that seems to be widespread present on its surface, according
to Campins et al. (2010) results. Its emissivity spectrum exhibits a rounded 10
µm emission feature, found also on other Themis family members (Licandro et
al. 2012), attributed to small silicate grains embedded in a relatively transparent
matrix, or from a very under-dense surface structure (Hargrove et al. 2015). Re-
cently McAdam et al. (2015) interpret the emissivity behavior of (24) Themis as
due to complex surface mineralogy with approximately 70 vol.% phyllosilicates
and 25 vol.% anhydrous silicate.
Considering our data and those of the literature, (24) Themis most likely has an
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heterogeneous surface composition, presenting both water ice and hydrated sili-
cates together with dark phases like those found on carbonaceous chondrites. Ac-
cording to Castillo-Rogez & Schmidt (2010) models, large Themis family objects
may contain a large fraction of the parent body ice shell, and this ice may not be
completely pure, but possibly contaminated with other materials such as organics,
oxides and hydrated minerals. Jewitt & Guilbert-Lepoutre (2012) report no detec-
tion of gas from sublimated ice on (24) Themis, and conclude that ice must cover
a relatively small fraction (10%) of the asteroid surface, having potentially been
exposed on the surfaces of (24) Themis by recent impacts. Surface heterogeneity
seems to be common on the largest asteroids/dwarf planet imaged so far, as seen
for Vesta and Ceres by the Dawn mission. For instance several bright spots are
observed on Ceres, and potentially attributed to water ice associated with impact
craters (Reddy et al. 2015), and groundbased observations underline spectral vari-
ability on its surface (Perna et al. 2015).
Future observations with high S/N rotationally resolved spectra in the visible and
near infrared region are needed to fully investigate the (24) Themis surface het-
erogeneity.
3.2. Spectral slopes and physical parameters
[Here Figs. 7 and 8]
To analyze the data, we compute spectral slope values with linear fits to dif-
ferent wavelength regions: S cont is the spectral slope in the whole range observed
for each asteroid, S VIS is the slope in the 0.55-0.80 µm range, SNIR1 is the slope in
the 0.9-1.4 µm range, SNIR2 is the slope in the 1.4-2.2 µm range, and SNIR3 is the
slope in the 1.1-1.8 µm range. Values are reported in Table 2. The slope error bars
take into account the 1σ uncertainty of the linear fit plus 0.5%/103Å attributable to
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the spectral variation due to the use of different solar analog stars during the night.
[Here Figs. 9 and 10]
Our observations clearly show a range of spectral behaviors exhibited by Themis
family members in the visible and near-infrared (Figs. 1- 3, and 7), including as-
teroids with blue/neutral and moderately red spectra (relative to the Sun). Our
findings are consistent with, and complement previous spectroscopic studies that
hinted at spectral diversity within the Themis family in the visible (Florczak et al.
1999; Kaluna et al., 2016), the near-infrared (Ziffer et al. 2011; de Leo´n et al.
2012; Alı´-Lagoa et al. 2013), and the mid-infrared (Licandro et al. 2012). On the
other hand, the robust and younger Beagle family members look different, with a
smaller spectral slope variability. This family seems dominated by objects with
a blue/neutral spectrum in the visible range, and with a neutral to moderately red
spectral behavior in the near infrared range.
To better understand the difference between the two families, we look for cor-
relations between spectral slopes and physical parameters such as the albedo and
diameter, which were derived from the WISE data (Masiero et al. 2011). Figure 8
shows the visible and NIR3 spectral slopes versus the WISE albedo (pv) for the
Themis and Beagle families members here investigated. It clearly appears that
the young Beagle members are not only spectrally bluer but tend to have a higher
albedo value (mean pv = 0.0941±0.0055) than most of the Themis members in-
vestigated (mean pv = 0.0743±0.0054).
To test if this trend is true, we extended the analysis on a larger sample including
79 Themis and Beagle families members spectra available in the literature from
several surveys in the visible wavelength range (Xu et al. 1995; Bus & Binzel
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2002; Lazzaro et al. 2004; Fornasier et al. 1999, 2014; Kaluna et al., 2016). For
most of these data, the spectral slope has been evaluated in a similar way to what
is done here, i. e. between 0.55-0.8 µm. Only the spectral slope for asteroids ob-
served in Kaluna et al. (2016) was evaluated in a different manner, between 0.49
and 0.91 µm. However, beeing their spectra normalized at the same wavelength
than us and featureless, the variation in the spectral slope values associated to the
different wavelength ranges used must be minimal. For 11 out of 23 Beagle mem-
bers and 47 out of 56 Themis members of the literature data the albedo value is
available from the WISE observations. Figure 9 shows the visible spectral slope
versus albedo of this extended sample. The trend seen in our data is confirmed
and it is evident that there are no Beagle members with a red spectral slope. Con-
versely, Themis members show an important spectral variety, having both blue and
moderately red slopes and low to moderate albedo values (4-15%). This spectral
variety is not related to different sizes of the asteroids investigated because Themis
members having diameter similar to the Beagle ones span different VIS spectral
slopes (-2.5 %/(103Å) to 3 %/(103Å)) and albedo values (4-12.5%), as shown in
Figure 10.
The difference in the albedo values is less pronunced, Themis members having a
slightly lower mean albedo (0.0784±0.0031) than Beagle ones (0.0819±0.0045).
However, analyzing the average albedo from WISE data on a larger sample and
comparing members of similar sizes, Kaluna et al. (2016) found that the small
Themis members (D < 15km) have a lower albedo (pv=0.068±0.001) than the
larger asteroids (pv=0.075±0.001) of the family, and that their albedo is signifi-
cantly lower than that of the Beagle population (pv=0.079±0.005). Their results
clearly indicate that Beagle members have a sligthly higher albedo value than the
17
Themis members of similar size.
[Here Fig. 11]
We also analyzed the near infrared albedo (pIR), that is the albedo at 3.4–4.6
µm as defined in Mainzer et al. (2011a), and the geometric (pv) albedo for the
Themis members observed with WISE. Figure 11 shows the ratio of the pIR/pv
albedo versus pv for a sample of 211 Themis and 5 Beagle members. The bright
Themis members have lower pIR/pv ratio, indicating a blue spectrum in the NIR
region and/or the presence of absorption bands in the 3 µm region, potentially
attributed to hydrated silicates, organics and eventually water ice.
A similar waning moon shape of the pIR/pv ratio versus pv was also noticed by
Alı´-Lagoa et al. (2013) analyzing B-type asteroids. Some biases may partially
affect the distribution we see, in particular the lack of points in the lower left
corner may be attributed to faint fluxes in WISE bands W1 and W2, not allowing
a proper evaluation of the reflected sunlight contribution (Mainzer et al. 2011b).
Alı´-Lagoa et al. (2013), in the analysis of B-type asteroids and pIR albedo, found
that an absorption in the 3 µm region may be common on these bodies.
Figure 11 confirms the huge spectral variability of Themis members, which have
small to moderate albedo values (3–16%) and a PIR/pv ratio varying from ∼ 0.5 to
2.2.
3.3. Meteorite analogues
[Here Figs. 12-15 and Table 4]
To constrain the possible mineralogies of the investigated asteroids, we con-
ducted a search for meteorite and/or mineral spectral matches. We sought matches
only for objects observed across the entire VIS–NIR wavelength range. We used
the publicly available RELAB spectrum library (Pieters, 1983). For each spec-
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trum in the library, a filter was applied to find relevant wavelengths (0.4 to 2.45
µm). Then, a second filter was applied to reject spectra with irrelevant albedo
values (i.e. brightness at 0.55 µm > 0.2). A Chi-squared value was calculated rel-
ative to the normalized input asteroid spectrum. We used the asteroid wavelength
sampling to resample the laboratory spectra by linear interpolation. This allowed
a least-squares calculation with the number of points equal to the wavelength sam-
pling of the asteroid spectrum. The RELAB data files were sorted according to
the corresponding Chi-squared values, and finally visually examined. A complete
description of the search methodology can be found in Fornasier et al. (2010,
2011).
The best matches between the observed asteroids and meteorites from the RE-
LAB database are reported in Table 4, and shown in Figures 12 - 15. Most of the
Themis and Beagle families members are matched by CM2 carbonaceous chon-
drites, with few objects having CV3 or CI as best match. We do not see differences
in the meteorite class matches between the Beagle and Themis families members,
except that there are no CV3 best match for Beagle members. Even if the aqueous
alteration band at 0.7 µm has been identified just on one Beagle member (Kaluna
et al., 2016), the meteorite matches indicate that these asteroids may have expe-
rienced aqueous alteration in the past. As previously stated, not all the aqueous
altered CM/CI meteorites show this feature (McAdam et al. 2015).
The asteroid (2519) Annagerman is spectrally perfectly matched by the unusual
CI/CM Y-86720,77 with grain size < 125 µm, even if there are some differences
in the albedo values, 11% for the asteroid and 6% for the meteorite. However it
must be noted that the meteorite reflectance is usually evaluated at phase angle > 7
o so it does not include the opposition surge effect. The composition and structure
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of the CM2 Y-86720 indicates that this meteorite was thoroughly aqueous altered
(Lipschutz et al. 1999) and heated. Interestingly, some of the targets are best
matched by heated or unusual meteorites. This was already noticed by Clark et
al. (2010), who found that Themis family asteroids tend to be best fitted by CM,
CI, CR, CM/CI unusual meteorites, and/or heated CM/CI samples, and that 50%
of these asteroids are consistent with thermally metamorphosed material.
Our spectral matches are also in agreement with the de Le´on et al. (2012) results
from the analysis of B-type asteroids, including 8 Themis members. These last
fall in the G2-G5 groups as defined by de Le´on et al. (2012), and are spectrally
best matched by meteorites who experienced different stages of the aqueous al-
teration, from the less altered CV3 meteorites up to the extensively altered CM2
chondrites. The spectral analysis together with the meteorite matches indicate that
Themis members show a large spectral variety and different carbonaceous chon-
drite matches (from CV3 to CM2-CI), some of them being unusual or heated,
indicating that these asteroids were thermally metamorphosed in the past.
4. Discussion
Spectroscopic studies of asteroid families can provide information about the
interior of their parent bodies (e.g., Cellino et al. 2002); this can constrain models
on the thermal and collisional evolution of asteroids. More specifically, simula-
tions of catastrophic disruption processes suggest that the ejected material coming
from coherent sections of a heterogeneous progenitor body should maintain a co-
herent compositional structure (Michel et al. 2004). Therefore, compositional
gradients within planetesimals should expose themselves within asteroid families
(e.g., Jacobson et al. 2014). To date, no remnants of a completely disrupted dif-
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ferentiated body have been identified. Vesta is the only family generated from a
differentiated body (e.g., Lazzaro et al. 2004; Binzel and Xu 1993), but it is not
a result of a catastrophic disruption, so its members come from the surface of the
parent body.
The case of the Themis family seems to be unique. For example, Jacobson
et al. (2014) used estimates of the progenitor mass and the mass of the largest
remnant to assess the exposed nature of asteroid families, and he suggested that
the Themis family is possibly the most exposed one. We have found clear ev-
idence of spectral diversity within the Themis family, and between Themis and
Beagle families members. There are several possible interpretations of this spec-
tral diversity, which include a compositional gradient with depth in the original
parent body (and/or with fragment size), space weathering effects, the survival of
projectile fragments with a different composition, or a combination of these (e.g.,
Campins et al. 2012), that we discuss in the following.
4.1. Scenario a): The Themis/Beagle family parent body was heterogeneous in
composition
In this scenario, the diversity we see nowdays in Themis reflects different
source regions in the parent body that was originally heterogeneous showing a
compositional gradient. We clarify that a compositional gradient does not neces-
sarily mean a metal core with a silicate mantle and crust. In fact, for primitive
asteroids like the Themis parent body it was more likely a differentiation of rock
and ice where the core underwent mild temperatures and no high thermal meta-
morphism. (e.g., Castillo-Rogez & Schmidt 2010). Consistent with this mild tem-
perature model are the visible spectroscopic results of 36 members of the Themis
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family presented by Florczak et al. (1999). They found that about 50% of their
sample showed evidence of aqueous alteration, indicating that the parent body
was sufficiently altered thermally to mobilize water. The results of Florczak et
al. (1999) also suggest that the percentage of asteroids showing aqueous alter-
ation may decrease with the diameter of the objects, as expected by Vilas & Sykes
(1996) and proven by Rivkin (2012) and Fornasier et al. (2014) on a large sample
of primitive main belt asteroids. The study presented in this paper and in For-
nasier et al. (2014) indicates a much lower percentage of hydration in the Themis
family (< 20%), while just one out of the 45 Themis and Beagle small members
studied by Kaluna et al. (2016) shows the 0.7 µm absorption band. Moreover
the meteorite spectral matches found by us and in the literature point towards
a similarity of Themis-Beagle family members with the CV3-CM2 chondrites,
the meteorites having experienced aqueous alteration processes (see section 3.3;
Clark et al. 2010; de Le´on et al. 2012).
The above results support the view that at least part of the parent body of the
Themis family was thermally altered and that the distribution of compositions
could be attributed to fragments coming from different depths in the original par-
ent body, which was catastrophically disrupted by a large projectile.
In this scenario, the Beagle family may have been originated by a fragment of a
blue and bright piece of Themis parent body possibly coming from its interior.
4.2. Scenario b): The Themis/Beagle family parent body was homogeneous and
the projectile that collided with it was different in composition
Marzari et al. (1995) modeled the collisional evolution of the Themis family.
Their best results yield parent body and projectile radii of 380 km and 190 km,
22
respectively. They suggest that the two bodies were not formed in the same region
and had different compositions. Since the projectile body was relatively large, its
fragments should be a considerable part of the remnants. Interestingly, Florczak
et al. (1999) argue that except for the hydration (indicated by an absorption cen-
tered near 0.7 µm) their visible spectra were homogeneous and they did not favor
a different composition between parent body and projectile or significant differen-
tiation. Our visible and near-infrared spectra (Figs. 8 and 9) and those of de Leo´n
et al. (2012) and Kaluna et al. (2016) show a wide and smooth range of behaviors
suggestive of a range of compositions among the Themis family members. These
results does not necessarily support different compositions between the large pro-
jectile and the Themis family parent body. Instead of a smooth spectral diversity,
one might expect a bi-modal one from a different projectile and parent body com-
position.
4.3. Scenario c): The family parent body was homogeneous and the spectral vari-
ability is produced by space weathering effects
Assuming that the parent body of the Themis/Beagle families was quite ho-
mogeneous, the spectral variability seen on old Themis members and the fact the
young Beagle members are bluer and with an higher albedo value than the Themis
ones may be, at least in part, a result of space weathering effects.
In the past 20 years enormous progress has been reached in the study of space
weathering (SW) effects on silicates and S-type asteroids. The so-called ordi-
nary chondrite paradox, that is lack of asteroids similar to the ordinary chondrites,
which represent 80% of meteorite falls, has been solved. These meteorites are
now clearly related to S-type asteroids, as proved by direct measurements of the
NEAR and HAYABUSA missions on the near Earth asteroids Eros and Itokawa
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(Clark et al. 2001; Noguchi et al. 2011) and laboratory experiments on irradiation
of silicates/ordinary chondrites (Moroz et al. 1996; Sasaki et al. 2002; Brunetto &
Strazzulla 2005; Noble et al. 2007). Spectral differences between S-type asteroids
and ordinary chondrites are caused by space weathering effects, which produce a
darkening in the albedo, a reddening of the spectra, and diminish the silicates ab-
sorption bands on the asteroids surfaces, exposed to cosmic radiation and solar
wind.
On the other hand, our understanding of space weathering effects on primitive as-
teroids is still poor. Only few laboratory experiments have been devoted to the
investigation of SW effects on low albedo carbonaceous chondrites and on com-
plex organic materials, and they indicate a no linear trend but much more com-
plex effects. Irradiation of transparent organic materials produces firstly redder
and lower albedo materials that upon further processing turn flatter-bluishing and
darker (Kanuchova et al. 2012; Moroz et al. 2004a). This result is consistent with
a recent study that was looking for spectral differences between Ch/Cgh-types and
CM chondrites (Lantz et al. 2013). On the other hand, Lazzarin et al. (2006) ex-
pected a global reddening for the whole asteroidal population. Laboratory exper-
iments on carbonaceous chondrites give different results, that is reddening and/or
blueing. Some ion irradiations on CV Allende and CO Frontier Mountain 95002
(Lazzarin et al. 2006) led to reddening and darkening, and this trend is confirmed
for the Allende meteorite using both ion (Brunetto et al. 2014) and laser irradia-
tion (Gillis-Davis et al. 2015).
The laser irradiated CM Mighei resulted in spectral reddening (Moroz et al. 2004b)
while laser irradiation on Tagish Lake showed a blueing effect (Hiroi et al. 2004).
Vernazza et al. (2013) performed ion irradiations on Tagish Lake and observed a
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strong blueing with argon, while irradiation with He produced only minor spec-
tral changes and a slight reddening at 4 keV dose. Hiroi et al. (2013) used laser
irradiations on a CO, a CK, a CM, a CI and Tagish Lake: the first two present the
same behavior as ordinary chondrites while the others show a clear blueing (but
reflectance decreases so that a darkening effect is seen).
For the CM Murchison the results after irradiation are contradictory: Keller et al.
(2015) found reddening and darkening of the sample after ion irradiation, Mat-
suoka et al. (2015) found a blueing and darkening effect with laser irradiation,
Gillis-Davis et al. (2015), using again laser irradiation, found a darkening effect
but without slope variations, while Lantz et al. (2015) found no clear albedo and
slope variations after ion irradiation.
It appears complicated to define a general space weathering trend for the prim-
itive objects when considering the various results of laboratory simulations on car-
bonaceous chondrites. That would explain why the few studies on asteroids pro-
posed different conclusions between reddening (Lazzarin et al. 2006) and blueing
of the slope (Nesvorny et al. 2005; Lantz et al. 2013). Here we compare spectra
of young and old members of the Themis group (respectively Beagle and Themis
families). Starting from the hypothesis that the parent body was homogeneous,
the Beagle members have been less exposed to the harsh space environment, and
so less space weathered compared to Themis members. If this hypothesis is cor-
rect, then our observations seem to indicate that the surfaces of the Themis family
members have the same spectral answer than the S-type asteroids: young Beagle
members have globally higher albedo and bluer slopes, while most of the older
Themis members are redder and have a lower albedo value. A similar conclusion
is found by Kaluna et al. (2016) on their analysis of Themis and Beagle members
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of similar size, smaller than 15 km. From the mean slopes values of the two fam-
ilies, Kaluna et al. (2016) estimate a slope reddening of 0.08 µm−1 in 2.3 Gyr for
C-complex asteroids. However, if space weathering effects are the only cause of
the spectral diversity between the two families, we would expect a distinct spec-
tral and albedo distribution between old and young asteroids, while our analysis
clearly shows that several Themis members have albedo and spectral properties
similar to the Beagle ones (Figure 9). Some rejuvenating processes might have
taken place (Shestopalov et al. 2013), but they cannot solely explain the large
percentage of blue and bright Themis members observed.
Another important point is the timescale needed to space weathering processes
to alter asteroid surfaces. Laboratory simulations indicate that solar wind may
alter the surfaces in a relatively short timescale, of the order of 103–105 years,
producing darkening and reddening effects on ordinary chondrites (Strazzulla et
al. 2005), on S-type asteroids (Vernazza et al. 2009a, 2009b), and on the Allende
carbonaceous chondrite (Brunetto et al. 2014). This has also been confirmed by
the Itokawa grain analysis brought back to the Earth by the sample return mission
Hayabusa (Noguchi et al. 2011). If these short timescales turn out to be correct, it
is possible that Beagle members are old enought to have already experienced some
space weathering processes. All this considered, we cannot firmly conclude that
the observed spectral diversity is related to space weathering processes. Consider-
ing the presence of hydrated minerals on some members and the thermal evolution
models which suggest a differentiation in the Themis/Beagle parent body, we fa-
vor the compositional heterogeneity in the original parent body as explanation of
the spectral diversity within Themis/Beagle members, even if we cannot exclude
that space weathering processes may be responsible of at least part of the spectral
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differences observed.
5. Conclusions
In this work we investigate the spectral properties of primitive asteroids be-
longing to the ∼ 2 Gyr old Themis family and to the young (< 10 Myr) Beagle
subcluster within the Themis family. We present new visible and near infrared
spectra of 22 Themis and 8 Beagle families members. The Themis family mem-
bers show different spectral behaviors including asteroids with blue/neutral and
moderately red spectra, while the Beagle members have less spectral variability
and they are all neutral/blue. We include in our analysis most of the data available
in the literature on Themis/Beagle families (a sample of 79 objects) for a com-
plete analysis of their spectral properties versus physical parameters. The spectral
slope versus albedo distribution clearly shows that Beagle members are less red
and tend to have an higher albedo value than the Themis one. To explain the
spectral differences between the two families we propose different interpretations,
including heterogeneity in the parent body having a compositional gradient with
depth, the survival of projectile fragments having a different composition than the
parent body, space weathering effects, or a combination of these.
The spectral differences observed between Beagle and Themis members may be
partially attributed to space weathering effects, which would produce on primi-
tive asteroids reddening and darkening, as seen on S-type asteroids. However,
space weathering effects cannot solely explain the spectral variety within the two
families, first because we observe several Themis members having albedo and
spectral behaviors similar to the younger Beagle members, and second because
we need to assume that the parent body of the family was homogeneous. How-
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ever, our and literature data show the presence of hydrated minerals on some of
the Themis members, and a spectral analogy of the Themis/Beagle members with
carbonaceous chondrites having experienced different degrees of aqueous alter-
ation. These results, together with those from thermal evolution models, indicate
that the parent body of the Themis family experienced mild thermal metamor-
phism in the past, with a possible compositional gradient with depth. We thus
favor the compositional heterogeneity in the original parent body as main source
of the spectral diversity within Themis/Beagle members.
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Figure 1: Reflectance spectra of the Themis family members investigated. Spectra are shifted by
0.4 in reflectance for clarity.
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Figure 2: Reflectance spectra of the Themis family members investigated. Spectra are shifted by
0.4 in reflectance for clarity.
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Figure 3: Reflectance spectra of the Themis family members investigated. Spectra are shifted by
0.5 in reflectance for clarity.
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Figure 4: Reflectance spectra of the Beagle family members investigated. Spectra are shifted by
0.4 in reflectance for clarity.
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Figure 5: Continuum removed spectra of the 4 asteroids showing absorption features. The visible
spectrum of (24) Themis is the one acquired on 19 December.
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Figure 6: Relative reflectance spectra in the visible region of (24) Themis taken at different aspect
and rotational phases from data presented here and from the literature. The asteroid shows surface
heterogeneities.
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Figure 7: NIR3 spectral slope (1.1-1.8 µm) versus VIS spectral slope (0.5-0.8 µm) for the Themis
(black circles) and Beagle (blue stars) members. The spectral slopes are in %/(103Å). The size of
the circles is proportional to the asteroids’ diameters.
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Figure 8: Spectral slopes in the visible (0.55-0.8 µm) and in the NIR (1.1-1.8µm) ranges versus
albedo. The spectral slopes are in %/(103Å). Beagle and Themis family members are represented
with blue stars and black circles, respectively. The size of the circles is proportional to the aster-
oids’ diameters.
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Figure 9: Spectral slope in the visible wavelength range (0.55-0.8 µm, units %/(103Å)) versus the
albedo for the Themis and Beagle members. Beagle family members are represented with stars,
blue from our data and cyan from the literature data, while the Themis members are represented
with circles, black from our data and red from the literature data. The size of the symbols is
proportional to the asteroids’ diameters.
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Figure 10: Spectral slope in the visible wavelength range (0.55-0.8µm, units %/(103Å)) versus
asteroids’ diameter. Beagle family members are represented with star symbol, blue from our data
and cyan from the literature data, while the Themis members are represented as circles, black from
our data and red from the literature data.
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Figure 11: WISE albedos for the Themis family members: ratio of the infrared over the visible
albedo (pv) versus the visible albedo: Themis members having higher albedo value are also bluer
in the IR range. The size of the symbols is proportional to the asteroids’ diameters. In the upper
rigth part of the plot we report the mean error bars of these measurements.
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Figure 12: Best spectral matches between the observed Beagle family members and meteorites
from the RELAB database.
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Figure 13: Best spectral matches between the observed Themis family members and meteorites
from the RELAB database.
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Figure 14: Best spectral matches between the observed Themis family members and meteorites
from the RELAB database.
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Figure 15: Best spectral matches between the observed Themis family members and meteorites
from the RELAB database.
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Tables
Table 1: Observational circumstances. Solar analog stars named ”HIP” come from the
Hipparcos catalogue and ”Lan” from the Landolt photometric standard stars catalogue.
.
Object Night UTstart Texp (s) Instr. Grism airm. Solar Analog (airm.)
24 Themis 18 Dec. 2012 00:38 20 NICS Amici 1.03 HIP22536 (1.02)
24 Themis 18 Dec. 2012 02:16 10 Dolores LRB 1.22 Lan98-978 (1.22)
24 Themis 18 Dec. 2012 02:20 20 Dolores LRR 1.23 Lan98-978 (1.22)
24 Themis 18 Dec. 2012 21:33 10 Dolores LRB 1.14 Lan115-271 (1.13)
24 Themis 18 Dec. 2012 21:35 20 Dolores LRR 1.14 Lan115-271 (1.13)
24 Themis 19 Dec. 2012 01:07 60 Dolores LRB 1.07 Lan115-271 (1.13)
62 Erato 19 Feb. 2012 05:38 900 Dolores LRR 1.24 Lan98-978(1.18)
90 Antiope 18 Dec. 2012 01:48 30 Dolores LRB 1.20 Lan102-1081 (1.15)
90 Antiope 18 Dec. 2012 01:52 60 Dolores LRR 1.21 Lan102-1081 (1.15)
90 Antiope 17 Dec. 2012 23:29 60 NICS Amici 1.01 HIP22536 (1.03)
268 Adorea 20 Feb. 2012 06:08 300 Dolores LRB 1.33 Hip59932 (1.32)
268 Adorea 20 Feb. 2012 06:15 300 Dolores LRR 1.33 Hip59932 (1.32)
383 Janina 19 Feb. 2012 06:07 900 Dolores LRR 1.38 Hip59932 (1.35)
461 Saskia 19 Feb. 2012 03:52 900 Dolores LRB 1.27 Hip59932 (1.34)
461 Saskia 19 Feb. 2012 04:09 900 Dolores LRR 1.33 Hip59932 (1.35)
461 Saskia 19 Feb. 2012 23:44 720 NICS Amici 1.09 HIP44103 (1.04)
468 Lina 19 Dec. 2012 06:08 300 Dolores LRR 1.12 Lan115-271 (1.14)
492 Gismonda 18 Dec. 2012 22:45 300 Dolores LRB 1.56 HIP52192 (1.46)
492 Gismonda 18 Dec. 2012 22:51 300 Dolores LRR 1.59 HIP52192 (1.47)
492 Gismonda 16 Dec. 2012 20:47 480 NICS Amici 1.16 Lan93-101 (1.14)
526 Jena 19 Dec. 2012 00:23 300 Dolores LRB 1.17 HIP44027 (1.17)
526 Jena 19 Dec. 2012 00:28 300 Dolores LRR 1.19 HIP44027 (1.17)
526 Jena 17 Dec. 2012 22:54 240 NICS Amici 1.04 HIP22536 (1.03)
621 Werdandi 19 Feb. 2012 22:18 720 NICS Amici 1.02 HIP44103 (1.04)
656 Beagle 18 Dec. 2012 20:02 600 Dolores LRB 1.23 Lan93-101 (1.23)
656 Beagle 18 Dec. 2012 20:14 600 Dolores LRR 1.26 Lan115-271 (1.14)
656 Beagle 17 Dec. 2012 19:39 960 NICS Amici 1.21 Lan115-271 (1.25)
846 Lipperta 20 Feb. 2012 03:19 900 Dolores LRB 1.21 Lan102-1081(1.31)
846 Lipperta 20 Feb. 2012 03:36 900 Dolores LRR 1.27 Lan102-1081(1.31)
846 Lipperta 20 Feb. 2012 00:19 960 NICS Amici 1.06 HIP44103 (1.04)
954 Li 19 Feb. 2012 21:23 1440 NICS Amici 1.23 Hyades64 (1.22)
1027 Aesculapia 18 Dec. 2012 20:42 1200 Dolores LRR 1.33 Lan115-271 (1.14)
Continued on next page
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Object Night UTstart Texp (s) Instr. Grism airm. Solar Analog (airm.)
1027 Aesculapia 17 Dec. 2012 20:07 1920 NICS Amici 1.29 Lan115-271 (1.25)
1247 Memoria 19 Dec. 2012 05:04 900 Dolores LRR 1.04 Lan115-271 (1.14)
1623 Vivian 20 Feb. 2012 05:06 900 Dolores LRB 1.32 Lan102-1081(1.31)
1623 Vivian 20 Feb. 2012 05:24 900 Dolores LRR 1.39 Lan102-1081(1.31)
1623 Vivian 20 Feb. 2012 01:26 1440 NICS Amici 1.12 HIP44103(1.04)
1687 Glarona 19 Feb. 2012 03:01 600 Dolores LRB 1.24 Lan98-978 (1.18)
1687 Glarona 19 Feb. 2012 03:17 600 Dolores LRR 1.28 Lan98-978 (1.18)
1687 Glarona 19 Feb. 2012 01:26 720 NICS Amici 1.04 HIP59932 (1.09)
1778 Alfven 17 Dec. 2012 06:04 1440 NICS Amici 1.29 HIP41815 (1.26)
1953 Rupertwildt 18 Dec. 2012 04:19 300 Dolores LRB 1.17 Lan102-1081 (1.15)
1953 Rupertwildt 18 Dec. 2012 04:25 480 Dolores LRR 1.19 Lan102-1081 (1.15)
1953 Rupertwildt 17 Dec. 2012 03:48 960 NICS Amici 1.11 HIP22536 (1.13)
2009 Voloshina 17 Dec. 2012 23:58 960 NICS Amici 1.24 Lan98-978 (1.28)
2203 Van Rhijn 17 Dec. 2012 21:24 960 NICS Amici 1.05 HIP22536 (1.03)
2222 Lermontov 20 Feb. 2012 04:36 900 Dolores LRB 1.34 Lan102-1081(1.31)
2222 Lermontov 20 Feb. 2012 04:38 900 Dolores LRR 1.41 Lan102-1081(1.31)
2222 Lermontov 20 Feb. 2012 00:48 960 NICS Amici 1.05 Lan102-1081 (1.18)
2228 Soyuz-Apollo 19 Dec. 2012 04:30 600 Dolores LRB 1.03 Lan115-271 (1.13)
2228 Soyuz-Apollo 19 Dec. 2012 04:42 600 Dolores LRR 1.03 Lan115-271 (1.14)
2264 Sabrina 19 Dec. 2012 02:07 600 Dolores LRB 1.04 Lan115-271 (1.13)
2264 Sabrina 18 Dec. 2012 06:21 600 Dolores LRR 1.45 Lan102-271 (1.15)
2264 Sabrina 17 Dec. 2012 05:21 480 NICS Amici 1.22 Lan1021081 (1.16)
2270 Yazhi 19 Dec. 2012 02:48 1100 Dolores LRB 1.01 Lan115-271 (1.13)
2270 Yazhi 19 Dec. 2012 03:23 1100 Dolores LRR 1.02 Lan115-271 (1.13)
2270 Yazhi 17 Dec. 2012 04:26 1920 NICS Amici 1.10 HIP44027 (1.04)
2519 Annagerman 19 Feb. 2012 04:46 900 Dolores LRB 1.16 Land98-978 (1.17)
2519 Annagerman 19 Feb. 2012 05:04 900 Dolores LRR 1.18 Land98-978 (1.18)
2519 Annagerman 20 Feb. 2012 02:13 1920 NICS Amici 1.18 HIP59932 (1.09)
3174 Alcock 19 Dec. 2012 01:22 600 Dolores LRB 1.26 Lan93-101 (1.23)
3174 Alcock 19 Dec. 2012 01:34 600 Dolores LRR 1.30 HIP41815 (1.30)
3174 Alcock 16 Dec. 2012 23:52 960 NICS Amici 1.06 HIP22536 (1.13)
3591 Vladimirskij 18 Dec. 2012 21:53 2200 Dolores LRR 1.21 HIP44027 (1.18)
3591 Vladimirskij 16 Dec. 2012 22:20 1920 NICS Amici 1.36 Lan93-101 (1.14)
3615 Safronov 16 Feb. 2012 21:31 900 Dolores LRB 1.21 Lan98-978 (1.25)
3615 Safronov 16 Feb. 2012 21:49 900 Dolores LRR 1.21 Lan98-978 (1.25)
3615 Safronov 18 Dec. 2012 05:47 1200 Dolores LRR 1.13 Lan102-1081 (1.15)
3615 Safronov 17 Dec. 2012 02:40 480 NICS Amici 1.05 HIP41815 (1.06)
Continued on next page
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Object Night UTstart Texp (s) Instr. Grism airm. Solar Analog (airm.)
4903 Ichikawa 18 Dec. 2012 02:53 900 Dolores LRB 1.12 Lan102-1081 (1.15)
4903 Ichikawa 18 Dec. 2012 03:25 900 Dolores LRR 1.15 Lan102-1081 (1.15)
4903 Ichikawa 17 Dec. 2012 01:38 960 NICS Amici 1.02 HIP22536 (1.13)
Table 2: Physical and orbital parameters of the Themis and Beagle families members investigated. The albedo comes from WISE data
(Masiero et al., 2011) when available, or from AKARI (indicated with the symbol ∗, Usui et al., 2011). Sall is the spectral slope value
calculated in the whole observed wavelength range, SVIS for the 0.55-0.80 µm range, SNIR1 for the 0.9-1.4 µm range, SNIR2 for the 1.4-2.2
µm range, and SNIR3 for 1.1-1.8 µm range). The family is indicated with B for the Beagle, and T for the Themis members. For (24)
Themis we used the whole visible and NIR spectrum acquired on 18 Dec., 00:30-02:30 UT time.
Asteroid Sall SVis SNIR1 SNIR2 SNIR3 D pv Fam. a e sin(i) Hv
(%/103Å) (%/103Å) (%/103Å) (%/103Å) (%/103Å) (Km) (UA)
656 Beagle 1.30±0.50 -0.60±0.50 1.51±0.52 1.29±0.51 1.79±0.51 47.58±0.33 0.0782±0.0222 B 3.15598 0.154640 0.0235182 9.95
1027 Aesculapia 0.56±0.50 -0.72±0.51 0.94±0.52 1.24±0.51 1.37±0.50 35.38±0.34 0.0814±0.0071 B 3.15903 0.152254 0.0240919 10.82
1687 Glarona 1.05±0.50 -1.36±0.51 1.95±0.53 1.69±0.52 2.32±0.51 42.01±0.51 0.0795±0.0130 B 3.15870 0.153173 0.0242712 10.53
2519 Annagerman 0.11±0.50 -0.65±0.51 -0.56±0.51 0.60±0.54 0.62±0.55 20.55±0.31 0.1152±0.0289 B 3.14765 0.151787 0.0225837 11.5
3174 Alcock 0.19±0.50 -2.88±0.50 1.37±0.51 0.39±0.52 1.73±0.50 18.66±0.80 0.1020±0.0090 B 3.15479 0.154074 0.0239525 11.95
3591 Vladimirskij -0.57±0.50 -3.24±0.51 0.16±0.52 0.88±0.52 0.91±0.51 16.42±0.25 0.0947±0.0248 B 3.15704 0.151941 0.0244373 12.07
3615 Safronov -0.79±0.51 -1.63±0.50 -3.06±1.30 1.85±1.16 -0.17±0.94 26.24±0.10 0.0852±0.0159 B 3.15974 0.152726 0.0238029 11.49
4903 Ichikawa 0.40±0.50 -1.56±0.51 1.51±0.55 0.77±0.62 2.11±0.52 14.79±0.39 0.1167±0.0087 B 3.15055 0.15180 0.0240145 12.54
24 Themis 0.97±0.51 -0.61±0.50 1.24±0.51 1.95±0.50 2.15±0.50 202.34±6.05 0.0641±0.0157 T 3.13450 0.152779 0.0189278 7.21
62 Erato -0.06±0.51 -1.73±0.50 -0.23±0.50 0.73±0.50 0.32±0.50 95.40±2.0 0.0610±0.0030 T 3.12169 0.149807 0.0225411 8.62
90 antiope 0.88±0.50 -1.19±0.50 1.45±0.51 2.08±0.51 2.38±0.51 121.13±2.47 0.0593±0.0096 T 3.14619 0.153819 0.0231415 7.84
268 Adorea 2.55±0.50 1.56±0.50 1.29±0.51 3.76±0.50 3.42±0.50 140.59±3.18 0.0436±0.0066 T 3.09684 0.167397 0.0243772 8.3
383 Janina 0.61±0.50 2.97±0.51 0.59±0.51 0.42±0.50 0.48±0.50 44.64±0.74 0.0964±0.0127 T 3.13408 0.151863 0.0246743 9.74
461 Saskia 3.19±0.50 2.79±0.50 2.49±0.51 3.04±0.51 3.50±0.51 48.72±0.24 0.0479±0.0079 T 3.11426 0.155859 0.0239453 10.4
468 Lina - -1.41±0.53 - - - 64.59±1.98 0.0495±0.0094 T 3.14189 0.158666 0.0215053 9.69
492 Gismonda 0.79±0.50 -1.42±0.50 0.84±0.51 1.21±0.51 1.22±0.51 59.92±0.35 0.0592±0.0047 T 3.11191 0.151069 0.0220835 9.85
526 Jena -0.26±0.50 -0.95±0.50 -1.60±0.51 -0.63±0.50 -0.25±0.51 51.03±0.74 0.0580±0.0177 T 3.12313 0.156463 0.0249680 10.
621 Werdandi 1.05±0.50 -0.51±0.51 2.01±0.51 1.98±0.52 1.91±0.51 30.71±0.50∗ 0.1240±0.0050∗ T 3.1193 0.150097 0.0253958 10.98
846 Lipperta 1.39±0.50 0.50±0.50 1.72±0.51 2.11±0.51 2.83±0.51 51.45±0.76∗ 0.0530±0.0020∗ T 3.12791 0.150758 0.0268551 10.25
954 Li 2.83±0.50 1.26±0.50 3.00±0.53 3.06±0.53 4.15±0.53 52.06±0.81 0.0552±0.0073 T 3.13701 0.150656 0.0230923 10.07
1247 Memoria - -0.64±0.51 - - - 42.07±0.16 0.0618±0.0060 T 3.13875 0.160209 0.0297064 10.58
1623 Vivian 2.53±0.50 1.62±0.50 1.87±0.51 2.62±0.52 3.20±0.52 29.98±1.74∗ 0.0780±0.0100∗ T 3.13466 0.15294 0.0239821 11.19
1778 Alfven 0.17±0.50 – 0.14±0.51 -0.47±0.53 0.29±0.50 20.6±0.24 0.0951±0.0069 T 3.1441 0.155394 0.0224451 11.7
1953 Rupertwildt 0.55±0.50 -1.60±0.50 0.79±0.51 0.89±0.52 2.16±0.51 21.97±0.27 0.0697±0.0060 T 3.11586 0.147538 0.0242019 11.84
2009 Voloshina 1.78±0.50 - 1.43±0.51 1.71±0.51 2.35±0.50 26.56±0.48 0.1199±0.0242 T 3.11914 0.150115 0.0282294 11.16
2203 vanRhijn 1.39±0.50 – 1.41±0.51 1.00±0.51 1.90±0.51 22.28±0.27 0.0898±0.0058 T 3.10989 0.149153 0.0209356 11.57
2222 Lermontov 2.39±0.50 1.96±0.50 2.05±0.51 2.87±0.52 2.85±0.51 32.22±0.22 0.0469±0.0061 T 3.11619 0.159625 0.0228687 11.29
2228 Soyuz-Apollo - 1.65±0.51 - - - 26.08±0.29 0.1134±0.0198 T 3.14342 0.160273 0.0241862 11.44
2264 Sabrina 0.08±0.50 -1.49±0.50 0.44±0.52 0.40±0.51 1.56±0.51 37.34±0.38 0.0799±0.0138 T 3.13084 0.154135 0.0234201 10.92
2270 Yazhi 1.82±0.50 -0.07±0.51 1.12±0.55 0.06±0.54 1.65±0.52 26.73±0.30 0.1081±0.0225 T 3.15117 0.15233 0.0188940 11.43
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Table 3: Identification of absorption bands attributed to hydrated silicates on the Themis family
members.
Asteroid Win (Å) W f in (Å) Bandcenter (Å) Depth (%)
24 Themis 5715 8730 7333±48 2.6±0.1
90 Antiope 5358 8375 6972±43 1.4±0.1
461 Saskia 5648 8338 6881±123 1.2±0.1
12397 15126 13175±55 2.8±0.2
15965 21378 18157±31 2.7±0.2
846 Lipperta 5487 8480 6842±65 1.02±0.1
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Table 4: RELAB matches. The first eight asteroids belong to the Beagle family.
Asteroid Albedo Best fit Met refl. Met Class & name Grain size
656 Beagle 0.0782 NAMC02 0.033 CM2 LEW90500,45 < 500 µm
1027 Aesculapia 0.0814 C1MP61 0.067 CM2 GRO95577,6 particulate < 125 µm
1687 Glarona 0.0795 camh52 0.068 CM2 Boriskino < 45 µm
2519 Annagerman 0.1152 c1mb20 0.063 CM2 Unusual Y-86720,77 < 125 µm
3174 Alcock 0.102 MGP094 0.059 CM2 Murchison whole rock
3591 Vladimirskij 0.0947 c1mb19 0.036 CI unusual, Y-82162,79 < 150 µm
3615 Safronov 0.0852 BKR1MA076 0.042 CM2/CR Kaidun > 250 µm
4903 Ichikawa 0.1167 CGP090 0.046 CM2 Cold Bokkevelt 150 – 500 µm
24 Themis (17 Dec) 0.0641 NAMC02 0.033 CM2 LEW90500,45 < 500 µm
62 Erato 0.061 ccmb19 0.050 CI unusual, Y-82162,79
90 antiope 0.0593 NAMC02 0.033 CM2 LEW90500,45 < 500 µm
268 Adorea 0.0436 ccmb64 0.031 CM2 Murchison heated 600 C < 63 µm
383 Janina 0.0964 c1mb18 0.06 CM2 unusual B-7904,108
461 Saskia 0.0479 s1rs42 0.037 CM2 Mighei
492 Gismonda 0.0592 C1RS46 0.036 CM2 Boriskino
526 Jena 0.0580 CGP130 0.047 CV3 Grosnaja 75–150µm
621 Werdandi 0.124 BKR1MP022L0 0.046 CM2 MAC88100 laser irr. < 125 µm
846 Lipperta 0.053 ncmp22 0.033 CM2 MAC88100,30 < 125 µm
954 Li 0.0552 s1rs42 0.035 CM2 Mighei
1623 Vivian 0.078 ccmb64 0.031 CM2 Murchison heated 600 C < 500 µm
1953 Rupertwildt 0.0697 CGP142 0.046 CM2 ColdBokkevelt 75-500 µm
2222 Lermontov 0.0469 ccmb64 0.031 CM2 Murchison heated 600 C < 500 µm
2264 Sabrina 0.0799 CGP094 0.057 CM2 Murchison whole rock
2270 Yazhi 0.1081 CBMS01 0.035 CM2 Migei Separates 100 – 200 µm
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